A unique DNA scaffold was prepared for the one-step self-assembly of hierarchical nanostructures onto which multiple proteins or nanoparticles are positioned on a single template with precise relative spatial orientation. The architecture is a topologically complex ladder-shaped polycatenane in which the ''rungs'' of the ladder are used to bring together the individual rings of the mechanically interlocked structure, and the ''rails'' are available for hierarchical assembly, whose effectiveness has been demonstrated with proteins, complementary DNA, and gold nanoparticles. The ability of this template to form from linear monomers and simultaneously bind two proteins was demonstrated by chemical force microscopy, transmission electron microscopy, and confocal fluorescence microscopy. Finally, fluorescence resonance energy transfer between adjacent fluorophores confirmed the programmed spatial arrangement between two different nanomaterials. DNA templates that bring together multiple nanostructures with precise spatial control have applications in catalysis, biosensing, and nanomaterials design.
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chemical force microscopy ͉ proteins ͉ wires ͉ nanoparticle ͉ catenane V ersatile scaffolds for the immobilization of proteins and other nanosized objects are targets of intensive research in the broader field of nanotechnology because of their potential applications (1) in the areas of catalysis, biosensing, and nanomaterials. In nature, complex catalytic cascades, such as the Krebs cycle (2), photosynthesis (3), or glycolysis (4), involve multiple proteins assembled with exact relative spatial orientations to facilitate cooperative binding, to facilitate electron or energy transfer, and to optimize substrate conversion. Enzymatic cascades that are used industrially (5-7) could also benefit from such closely arranged proteins if a template with the ability to fix precisely various proteins were available. Although functional synthetic polymers (8) are potential matrices for forming useful scaffolds, this approach is limited by polymer compatibility with biomolecules and the flexibility of the polymerization protocol to synthesize macromolecules that controllably bind multiple proteins. DNA, however, is a robust biopolymer that, through Watson-Crick base pairing and the multitude of sequences that can be formulated, might yield self-assembled protein scaffolds. Indeed, DNA has been used for the organization of proteins (9, 10) and elegant, topologically complex 3D architectures, such as Borromean rings (11) , nanotubes (12) , [2] catenanes (13) , 2D tilings (14) (15) (16) (17) (18) , and chains (19) , onto which nanoparticles (20) (21) (22) (23) (24) (25) (26) (27) (28) and proteins (19, 20, (29) (30) (31) (32) have been tethered by using complementary single-stranded DNA (ssDNA), biotin-streptavidin interactions, or gold-thiol bonds. These studies, however, have been limited to the immobilization of a single biomolecule or nanoparticle onto the scaffold or require multistep protocols to organize more than one nanomaterial onto the template.
Results and Discussions
In this report, we describe a modular DNA scaffold that was used to orient nanoparticles, a protein, or several different fluorophores onto a single scaffold with precise relative spatial orientation in a one-step, robust, programmable fashion. The scaffold is a DNA ABAB copolymer whose linear monomers are mechanically interlocked with ligase to form a polycatenated ladder in which each ring contains two ssDNA domains available for further hierarchical self-assembly. These ssDNA sections have been used to bind fluorophores or proteins attached to complementary ssDNA sequences, or we have modified the code of the sequence to the aptamer (33, 34) for thrombin and subsequently bound fluorescent-dye-labeled thrombin. The interlocked nature of the chain was confirmed with gel electrophoresis, dynamic force spectroscopy (DFS), and transmission electron microscopy (TEM). The ability of this DNA sequence to bind two fluorophores by using specific, complementary DNA interactions that bind either monomer 1 or 2 was confirmed by using confocal fluorescence microscopy (CFM) and atomic force microscopy (AFM). The close proximity necessary for fluorescence resonance energy transfer (FRET) to occur confirmed the periodic arrangement of the fluorophores. This mechanically interlocked scaffold-a modular polycatenated DNA polymer-is unique in its ability to bring together different nanosized objects, be they enzymes or nanoparticles, with precise relative orientations in a programmable fashion by self-assembly.
The assembly of two linear ssDNA strands into a mechanically interlocked polycatenated scaffold is shown in Fig. 1A . The two complementary ssDNA monomers, 1 and 2, were designed such that upon assembly the enzyme ligase joins the adjacent 3Ј and 5Ј ends of the monomer in the hybridized, complementary DNA, thereby mechanically interlocking 1 and 2 to form the links that generate the ladder-shaped polycatenane, 3. Chain extension of the AB copolymer continues by a polycondensation-type mechanism, in which, after each catenation occurs, active sites for further and subsequent catenation remain at each end of the polymer. Polymerization continues as a consequence of either addition of a single link or by chain combination. The result of this process is a ladder-shaped DNA polymer in which the rungs are composed of hybridized DNA and the rails are ssDNA on which other objects can be appended to form hierarchical nanostructures.
The ability of this process to form high-molecular-weight, interlocked nanowires was confirmed by gel electrophoresis and atomic force microscopy ( Fig. 1) . To assess the ability of the monomers to self-assemble into a chain, an agarose gel with the monomers alone, and mixed together, was run against linear DNA molecular weight standards. No bands appear in lanes 4 and 5 after staining because the SYBR Green I only binds to double-stranded DNA. However, when the two monomers were premixed in the buffer with ligase, the result was a broad band at the baseline whose intensity increased with reaction time, signaling the creation of a species with higher molecular weight than that corresponding to the 1-kb marker of 10,000 bp. Although the linear standards do not give an accurate representation of the molecular weight of the double-stranded, circular chains, the new band does demonstrate that the two monomers hybridize to form aggregates of significantly higher molecular weight. A second gel was run under denaturing conditions to explore mechanical bonding in the polycatenane [supporting information (SI) Fig. S1 ]. The polycatenane, 3, was assembled and exposed to ligase, and this mixture was run in the denaturing polyacrylamide gel against the same mixture before ligase exposure and the monomers A and B. The mixture that had not been exposed to ligase resulted in a single band that ran identically to the monomers. However, the mixture that had been exposed to ligase stayed near the baseline with a broad band reflecting both high molecular weight and the polydispersity reflective of a polymeric material. This result only occurs because the chains are held together by bonds that are unaffected by denaturing conditions, that is, mechanical bonds.
Topographical AFM images (Fig. S2) showed flexible chains many micrometers in length, and the height profile of these chains of 1.6 nm (Fig. 1C) is consistent with double-stranded DNA. AFM is a more accurate measure of chain length than the linear molecular weight standards in the gel, and it is more likely that the chains imaged by the AFM consist of several thousand base pairs that are observed in the AFM based on an estimate of 250 links per micrometer.
By using DFS (35) , the mechanical bonding within the catenane was further investigated. To study the ability of our system to catenate, the circular oligonucleotide 4 was tethered to a Au-coated AFM tip, and the complementary semicircular oligonucleotide 5 was immobilized on a Au-coated glass slide. In the presence of ligase, these sequences should form the mechanically bonded [2] catenane that yields the monomer of the polycatenane. The ligation should result in increased rupture force because the surface and the tip are covalently linked through the mechanical bond, and rupture could only occur by the destruction of the weakest link in the new system, most likely the rupture of a Au-Au bond. The forces on retraction of the tip from the surface were measured both before and after exposure to ligase. The forces measured from each pull-off event were recorded and used to form histograms ( Fig. S3 ) from which the average forces were extracted. The rupture of two hybridized 30-bp oligonucleotides on separation with an AFM tip resulted in pull-off forces of 20-200 pN (36) (37) (38) , with an accepted value of 20-50 pN (39) , whereas the force required to detach a Au atom from a bulk Au surface is Ϸ1 nN, which is slightly lower than the force required to rupture a Au-S bond (40) . Before ligation, forces in multiples of 31 Ϯ 26 pN were measured after error analysis ( Fig. S4 and Fig. S5 ), which is within the accepted value of 20-50 pN between 30 bp of DNA. In the presence of ligase, both the shape of the energy landscape contour and the magnitude of the forces changed dramatically (Fig. S6) . In each recorded force curve, a strong pull-off event of 1.3 Ϯ 0.82 nN in magnitude occurred, with several smaller events leading up to this rupture. The smaller events could be caused by interactions with ligase present in the system, whereas the large rupture corresponds to the cleavage of the Au-thiolated bond or the removal of the Au atoms from the bulk surface (see SI Text for further discussion). Control experiments such as force measurements between a linear analog of 5 and 4 ( Fig. S7) , and measurements of the effects of ligase for the dihydroxylated analog of 5, which could not be ligated, was measured in the absence ( Fig. S8 ) and in the presence (Fig. S9 ) of ligase, without any significant change in the magnitude of force compared with the value obtained between 4 and 5 in the absence of ligase. These experiments provide further evidence that a mechanical bond is formed in the polycatenane.
The same nucleic acid sequences used in the DFS experiments were used to bring together pairs of gold nanoparticles as part of functionalized [2] catenanes to show that catenane formation is not inhibited by appending large objects to the rails. The amine sequences, 4 and 5, were immersed in a solution of 1.4-nm gold nanoparticles to form gold nanoparticle-immobilized oligonucleotides 7 and 8 (Fig. 1E) . These oligonucleotides were hybridized, ligated, and imaged by TEM. As a control, TEM images of the circular oligonucleotide, 7, were taken, and nanoparticles that were randomly distributed along the TEM grid were observed (Fig. 1F) . When both rings, 7 and 8, were added to the solution, the grids were composed predominantly of twinned nanoparticles (Fig. 1G) . The paired nanoparticles are the result of the [2] catenane, 9, formed between the complementary Au nanoparticle-functionalized rings. Close examination reveals an increase in the percentage of twinned nanoparticles separated by Ͻ8 nm (Fig. S10 ), which is the maximum possible separation between the thiols on fully extended [2] catenanes. Subsequently, the solution that resulted in the twinned nanoparticles was exposed to BsaAI, a restriction enzyme that cleaves the hybridized DNA. Examination of the TEM image revealed that most of the particles existed as single nanoparticles, which suggests that the scission of the [2] catenanes in solution occurred. Population histograms (Fig. S10) show a demonstrable, quantitative change in the distribution of nanoparticles on adding complementary pairs that is partly reversed on exposure to the restriction enzyme. These experiments demonstrate the ability to use this system to self-assemble Au nanoparticles and separate them enzymatically, a benefit of using the bioactive DNA scaffold. Although the TEM is not stand-alone evidence for programmed assembly, it is an important demonstration that catenation is not prohibited by the presence of bulky nanoparticles. Together with the gels and DFS, TEM provides evidence for a catenane structure that acts as a scaffold for hierarchical nanostructures.
After demonstration of mechanical bonding in the polycatenane, we proceed to demonstrate the ability of this material to serve as a scaffold for hierarchical assembly by using AFM, TEM, CFM, and FRET measurements. The ability to form complex nanostructures was shown by using either proteins or ssDNA that contained fluorescent dyes. A tetramethylrhodamine (TAMRA)-labeled ssDNA sequence, 10, that was complementary to the rails of the polycatenated DNA, 3, formed the functionalized polycatenane 11 when mixed with 10 ( Fig. 2A) . By using confocal fluorescent microscopy, a solution of 11 that was excited at 543 nm revealed micrometer-long wires with a strong emission at 570 nm, the emission wavelength characteristic of TAMRA (Fig. 2B) . As a result, we conclude that the ssDNA rails are accessible for modification by complementary ssDNA. To extend the means by which the scaffold could be modified, the monomer sequence of the polycatenane was changed such that it contained the aptamer for the protein thrombin on the rails, and the functional polycatenane 12 was formed (Fig. 2C) . On exposing this polycatenane to TAMRA-labeled thrombin, 13, the nanowires of 14, several micrometers in length, were observed by confocal fluorescence microscopy (Fig. 2D) . The thrombin-functionalized DNA polycatenane, 15, was also examined by AFM, and circular nanostructures were detected (Fig.  2F) . Nanowires with regularly spaced bumps with heights of Ϸ2 nm were detected (Fig. 2F) . These regularly spaced bumps are most likely the thrombin on the DNA backbone (41) , and cross sections of these bumps show a small valley between two peaks. These valleys are likely the distance between two thrombin units on the same link, and the spaces between bumps are the result of the empty links that were programmed between thrombinaptamer-containing rings. Interestingly, all thrombin-labeled polycatenanes form rings with diameters of Ϸ0.5 m, and this may be a result of drying effects (42) , because the identical structure does not form rings in the confocal microscopy image that is carried out in solution. These two techniques to modify the polycatenated scaffold-using complementary DNA and converting the rails to an aptamer-demonstrate the modularity of this template onto which proteins, dyes, and nanoparticles can be immobilized to form ordered, hierarchical nanostructures.
The preprogrammed assembly of two dyes, sequentially and within nanometers of each other, was confirmed by confocal fluorescence microscopy and FRET measurements. The fluorescent dyes TAMRA and fluorescein were tethered to the ends of two different oligonucleotide sequences that were complementary to the rails of A and B, respectively (Fig. 3) . The mixture of 2, 16, 17, 18, and ligase in solution resulted in polycatenane 19 that included both dyes in an alternating repeat sequence. The presence of both dyes on the DNA chains was confirmed by CFM. Excitation of TAMRA at ϭ 543 nm resulted in strong red fluorescence, ϭ 570 nm, from the observed wires, and excitation of fluorescein at ϭ 488 nm also resulted in red fluorescence, ϭ 570 nm, as a result of energy transfer from fluorescein to TAMRA. However, after the photobleaching of TAMRA, excitation at ϭ 488 nm resulted in the green fluorescence characteristic of fluorescein (Fig. 3E) . Because the acceptor was bleached and the fluorescence intensity decreased, the fluorescence of the donor increased (Fig. S11) . This experiment confirmed that both dyes are present on the scaffold, and the energy transfer only occurs if the dyes are in close proximity (Ͻ5 nm). Quantitative FRET experiments demonstrate the increase in fluorescein fluorescence as TAMRA is photobleached (Fig. S11) , and the increase in FRET as the selfassembly time increases, which demonstrate that FRET only occurs as the scaffold becomes populated with dyes. These experiments could not be used to establish the degree of substitution, and some binding sites may remain unoccupied, however, FRET originates from species on the nanowires that are close together and suggests that there is a significant population of adjacent periodic dyes that communicate and enable FRET. The fluorescence experiments demonstrate the ability of the self-assembly protocol to simultaneously bring together multiple components in a single reaction step; in this experiment, six individual components come together to form each repeat unit.
Conclusions
To conclude, we have reported the preparation of a modular DNA scaffold onto which proteins, nanoparticles, and dyes were fixed with precise control. A topologically unique ladder-shaped polycatenane was prepared by two different monomers followed by ligation to form the mechanically interlocked macromolecule. The mechanically bonded nature was confirmed by a series of experiments including electrophoresis, DFS, and TEM. The denaturing gel showed a clear increase in molecular weight after ligation, and by modifying the monomers such that only the [2] catenane forms, we were able to examine their mechanical strength and bring together gold nanoparticles. Although the rungs of this ladder are hybridized into double-stranded DNA to form the polymer, the rails remain available as sites for further hierarchical assembly that was shown to serve as a scaffold with AFM, CFM, and FRET. We have used these sites to create long polycatenane chains modified with proteins by self-assembly. By modifying the DNA sequence of these polycatenanes, the components and structure of the assembly can be changed. The ability to complex different structures lies in the modularity of the DNA sequence in the rails of the DNA ladders. Two dyes were assembled in an alternating sequence by using an efficient one-step protocol that simultaneously brings together six components in each polymeric unit. The versatility of the polycatenated template motif enables the formation of more elaborate structures by the design of an ABC copolymer or by differentiating the rails within each ring, thereby resulting in nanostructures with many interacting components within a well programmed spatial arrangement. The potential of hierarchical nanoassemblies in biosensing, catalyzing enzymatic cascades, and forming complex nanostructures are just part of the promise of mechanically interlocked, polymeric DNA scaffolds.
Materials and Methods
Methods Summary. Thrombin was labeled with TAMRA and DNA with fluorescein and TAMRA according to standard protocols. Oligonucleotide sequences 1 and 2 (1 ϫ 10 Ϫ9 M) were polymerized by using a Quick Ligation Kit and analyzed by both gel electrophoresis and AFM. The interlocked nature of the rings was confirmed by chemical force microscopy and denaturing polyacrylamide gel measurements between 4 and 5, which were immobilized on gold-coated AFM cantilevers and gold slides, respectively. Forces were measured both in the absence and in the presence of T4 Ligase (50 units/l). The ability of the [2] catenanes to assemble nanoparticles was determined by modifying 7 and 8 with mono-sulfo-NHS gold nanoparticles (Nanoprobes) and imaging the resulting assemblies with TEM (FEI Company). The ability of 3 to bind TAMRA-labeled ssDNA or 11 to bind TAMRA-labeled thrombin was confirmed by confocal fluorescence microscopy (Olympus FluoView FV300 Confocal Laser Scanning Microscope). One-step self-assembly of 19 was accomplished by mixing 2, 16, 17, 18 (1:1:2:2 mixture) for 4 h at 37°C. 1, 2, 10, 16, 17 , and 18 were purchased from Genosys (Sigma), and 4 and 5 were purchased from DNA Technologies. Chemicals were purchased from Sigma unless otherwise noted. The deoxynucleotide (dNTP) solution mixture, Exonuclease I, Exonuclease III, BsaAI endonuclease, and Quick Ligation Kit were purchased from New England Biolabs. Mono-Sulfo-NHS gold nanoparticles were purchased from Nanoprobes, Inc. Thrombin from human plasma was purchased from Sigma. Glass slides with a 250-nm gold coating were purchased from Analytical -Systems. Centricon separation devices were purchased from Millipore. Ultrapure water from a NANOpure Diamond (Barnstead) source was used throughout all of the experiments. The following were purchased from commercial sources: 8% denaturing polyacrylamide gel (Biological Industries), SYBR gold nucleic acid stain (Molecular Probes), 50-bp DNA ladder (New England Biolabs). 0.6% Agarose gel (SeaKem LE Agarose from Cambrex BioScience Rockland), 1-kb DNA ladder (Promega), and SYBR Green I (Sigma).
Materials. Oligonucleotides
General Methods. Transmission electron microscopy (TEM) images were taken on a FEI Tecnai F20 G 2 instrument with 0.24-nm resolution operating in bright-field mode on 300-mesh copper grids (Electron Microscopy Sciences). All atomic force microscopy (AFM) imaging and dynamic force microscopy (DFS) measurements were performed at room temperature by using a Multimode scanning probe microscope with a Nanoscope 3A controller (Digital Instruments/Veeco Probes). Gel electrophoresis was carried out with 0.6% agarose gel and SYBR Green I (Molecular Probes) stain. Confocal fluorescence microscopy (CFM) was carried out on a LSM 410 Zeiss Confocal Laser Microscope with DlanApochromat 64ϫ/1.4 oil lens, an Olympus FluoView FV300 Confocal Laser Scanning Microscpe with a UIS PLAPO 60ϫ/1.4 oil lens with a 488 nm Argon laser, and a 543 nm He-Ne Laser. TAMRA fluorescence was observed at 560 -570 nm, and fluorescein fluorescence was observed at 505-530 nm. FRET confocal microscopy was carried out on an Olympus FV-1000 confocal microscope (60ϫ/1.35 oil-immersion objective). Bleaching (100%) was accomplished at 543 nm for 7 sec. Fluorescein ( ex ϭ 488 nm, em ϭ 505-530) nm and TAMRA ( ex ϭ 543 nm, em ϭ 560 -570 nm). Real-time FRET measurements carried out in photon-counting spectrometer (Edinburgh Instruments, FLS 920) equipped with a cooled photomultiplier detection system, connected to a computer (F900 v.6.3 software; Edinburgh Instruments). UV/ Ozone cleaning was carried out in a T1O ϫ 10/OES/E UV/ozone chamber from UVOCS. AFM topographical images were taken on samples deposited on freshly cleaved mica surfaces (Structure Probe) that were first passivated with a 5 mM MgCl 2 solution for 1 min followed by dropcasting the solution of interest. Images were taken with Ultrasharp SiN AFM tips (Mikromasch) in tapping mode at their resonant frequency, and these images were analyzed with WsXM SPIP software (Nanotec) (43) .
Preparation of Polycatenated DNA 3. Linear DNA, 1 (5Ј-GTAGTACAGA-CGCTCAAAAAAAAAAAAAAACAGTATTAGCACGTGCTTCACAGTCTCACA-AAAAAAAAAAAAAAACAGACGATCCTAGAC-3Ј), 10 ϫ 10 Ϫ9 M, was reacted with linear DNA, 2 (5Ј-CACGTGCTAATACTGAAAAAAAAAAAAAAAGA-GCGTCTGTACTACGTCTAGGATCGTCTGAAAAAAAAAAAAAAATGTGAGACT-GTGAAG-3Ј), 10 ϫ 10 Ϫ9 M, in Quick Ligation Kit buffer. The solution was first heated to 90°C for 10 min and fast cooled to 50°C at which it was held for 30 min. The solution was then fast cooled to 25°C, and 40 units/l ligase was added for 30 min. The enzyme was denatured by heating at 65°C for 10 min. DNA 3 was washed with ultrapure water and separated with a Centricon filtration device (30,000 cutoff).
Gel Electrophoresis of 3. Two micromolar 1 was reacted with 2 M 2 in ligation buffer consisting of 66 mM Tris⅐HCl, 10 mM MgCl 2, 1 mM ATP, 15% polyethylene glycol (PEG 6,000), 1 mM DTT, pH 7.6. The mixture was first heated to 90°C for 10 min then cooled to 50°C for different time intervals (30, 60 , and 90 min, respectively), fast cooled to 25°C, and exposed to ligase 200 units/l for 30 min. The resulting mixture was loaded in 0.6% agarose gel and exposed with SYBR Green I.
Denaturing Gel Electrophoresis of 3. Two micromolar 1 was reacted with 2 M 2 in ligation buffer. The mixture was first heated to 90°C for 10 min then cooled to 50°C for 90 min, fast cooled to 25°C, and exposed to ligase 200 units/l, for 30 min. The resulting mixture was loaded in 8% polyacrylamide gel in the presence of 8 M urea. Measuring Forces between 4 and 5. All measurements were carried out at room temperature in ligation buffer consisting of 66 mM Tris⅐HCl, 10 mM MgCl 2, 1 mM ATP (pH 7.6) in a total volume of 300 l. Measurements were carried out in a liquid cell on a PicoForce module (Digital Instruments/Veeco Probes). Spring constants of the cantilevers were determined in air by using the thermal noise method (44) to give an average spring constant of 0.06 N⅐m. To measure the forces, the modified cantilevers were lowered to the surface for 30 s and retracted at a rate of 0.1 m/s. Data points were analyzed with their associated spring constants. Histograms were prepared by using OriginPro (OriginLab). Peaks were fitted by using autocorrelation analysis (45) or a Lorentzian function (see SI Text for further discussion). Each histogram was the result of at least 100 separate force measurements. Forces were measured in the absence, then in the presence of T4 Ligase (20,000 units). For the system that did not include ligase, 300 retraction experiments were performed, resulting in 150 force curves giving rise to a success rate of Ϸ50%. For the system that included ligase out of 300 pulls, 66 data points were identified, giving rise to a success rate of Ϸ20%.
Preparation of
Preparation of Gold Nanoparticle-Labeled DNA 7 and 8. DNA oligonucleotide 4 and 5 (1.2 ϫ 10 Ϫ9 mol) were each reacted with 1.4-nm Mono-Sulfo-NHS gold nanoparticles, 6 ϫ 10 Ϫ9 mol for 1 h in a buffer consisting in Hepes buffer, 0.1 M (pH 7.4), for 40 min at room temperature. The reaction mix was then purified and separated from the excess Au-nanoparticles by using a Centricon filtration device (30,000 cutoff).
Preparation of Gold Nanoparticle-Labeled DNA [2]Catenane 9. To create the [2] catenane, 9, ligated oligonucleotide, 7, labeled Au nanoparticles, 2 ϫ 10 Ϫ7 M, were reacted with oligonucleotide, 8, labeled Au nanoparticles, 2 ϫ 10 Ϫ7 M, for 1 h in a buffer consisting of 50 mM Tris⅐HCl, 10 mM MgCl2, 100 mM NaCl, and 0.05 mM DTT. The ligation reaction was completed by adding 2.5 mM ATP and ligase (4,000 units) in a total volume of 50 l for 30 min at 25°C. The mixture was heated to 55°C for 20 min and fast cooled in ice. For the restriction assay, endonuclease BsaA I (5 units per reaction) was added, for 1 h, at 37°C.
Preparation of TAMRA-oligonucleotide 10. Oligonucleotide (5Ј-NH2-TTTTTTTTTTTTTTT-3Ј), 10 ϫ 10 Ϫ6 M, was reacted with TAMRA-NHS, 20 ϫ 10 Ϫ6 M, in Hepes buffer (0.1 M, pH 7.4) for 1 h at room temperature. The excess dye was separated with a Centricon filtration device (3,000 cutoff) and was washed with water.
TAMRA-Labeled Polycatenane 11. Polycatenated DNA 3 (50 nM), DNA 2 (50 nM), and 10 (200 nM) were mixed in hybridization buffer consisting of 0.3 M NaCl and 10 mM phosphate buffer (pH 7.4) for 4 h.
TAMRA-Labeled Trombin 13. Thrombin, 5 M, was reacted with TAMRA-NHS, 10 M, to form 13 in Hepes buffer, 0.1 M, pH 7.4, for 50 min at room temperature. The reaction mixtures were then purified and separated from the excess dyes by the aptamer-binding proteins buffer consisting of 20 mM Tris⅐HCl (pH 7.4), 140 mM NaCl, 5 mM KCl, 5 mM CaCl 2, and 1 mM MgCl2, by using a Centricon filtration device (10,000 cutoff).
TAMRA-Containing Thrombin-Labeled Polycatenane 14. Linear DNA 2, 10 ϫ 10 Ϫ9 M, was reacted with aptamer-containing linear DNA, 16 (5Ј-CACGTG-CTAATACTGAAAAAGGTTGGTGTGGTTGGAAAAAGAGCGTCTGTACTACGTCT-AGGATCGTCTGAAAAAGGTTGGTGTGGTTGGAAAAATGTGAGACTGTGAAG-3Ј), 10 ϫ 10 Ϫ9 M, in an aptamer-binding buffer consisting of 20 mM Tris⅐HCl (pH 7.4), 140 mM NaCl, 5 mM KCl, 5 mM CaCl 2, and 1 mM MgCl2 to create the aptamer-containing polycatenane 12. The mixture was heated to 90°C for 10 min and fast cooled to 37°C, which was followed by immediate addition of TAMRA-labeled thrombin 13 (100 ϫ 10 Ϫ9 M), in a final volume of 50 l for 2 h. 14 was examined with no further purification. Photobleaching of 19. Photoleaching (100%) was carried out by exposure at 543 nm for 7 s.
Thrombin-Labeled

